INTRODUCTION
The question of the function of cellular oncogenes (c-onc's) in normal cells has given rise to a variety of theoretical considerations, particularly concerning those c-onc genes, which are homologaus to the oncogenes of the acute transforming retroviruses. Reasoning that the action of theseviral oncogenes (v-onc's) mirrors the function of the c-onc genes, their cellular counterparts are assumed to be regulators of growth and development, and that they might function mainly during embryogenesis and regeneration processes (Bishop, 1982; Bauer et aL, 1982; Anders et aL, 1984; Goyette et aL, 1983) . Experimental data supporting these assumptions are sparse and, at present, equivocal:
(1) The c-onc genes homologaus to the transforming sequences of Abelson murine leukemia virus ( c-abl ), Harvey sarcoma virus ( c-rasH), Kirsten sarcoma virus (c-rasK) , McDonough feline sarcoma virus (c-fms), and Finkel-Biskis-Jinkins murine sarcoma virus (c-fos) were found at the mRNA Ievel to be differentially expressed in mouse embryonie tissues (Müller et aL, 1982; Müller, 1983) . (2) The expression of the cellular Counterpart to the oncogene of Rous sarcoma virus, csrc,2 has been studied in avian embryos at the protein Ievel (Barnekow et aL, 1981; Barnekow and Bauer, 1984; Cotton and Brugge, 1983) . The gene product of c-src, a phosphoprotein of molecular weight 60,000 with a tyrosine-specific kihase activity, was found to be expressed with stage and organ specificity, and high pp6oc-src activity was correlated with the undifferentiated, highly proliferative state of embryonie muscle tissue (Barnekow et aL, 1981; Barnekow and Bauer, 1984) . (3) Chen et aL reported an organ-specific expression of c-myb, the cellular homolog of the avian myeloblastosis virus transforming gene, in 15-to 19-day-old embryos. (4) Finally during experimentally induced liver regeneration in adult ·rats an up to fourfold increase in c-rasH mRNA Ievels was observed (Goyette et aL, 1983) .
It is generally expected that these and future studies on the normal function of c-onc genes will contribute to an understanding of their involvement in tumor development and to an understanding of the steps leading to their conversion to activated tumor genes.
The objective of this study was to investigate in detail the expression of the c-src oncogene during ontogenetic development in three different vertebrate classes, namely, fish, amphibia, and birds. For an approach to a functional analysis of c-src, we attempt to relate these data to developmental processes. The csrc oncogene seems particularly suitable for this type of study as its ultimate gene product, pp6oc-src, is an enzyme whose Ievel of activity reflects the Ievel of functional gene expression and monitors the amount 0EVELOPMENTAL BIOLOGY VOLUME 105, 1984 of pp6oc-src itself (Barnekow et aL, 1981; Barnekow and Bauer, 1984; Gonda et aL, 1982) . The holoblastic development of amphibians has clear advantages for the study of pp6oc·src kinase activity during early embryogenesis as the early division and determination processes are weil defined by this class. Fish and birds are included in this investigation because the meroblastic development of these organisms offers the opportunity to study the expression of pp6oc·src during clearly recognizable stages of organogenesis and histogenesis.
Our data suggest that the c-src oncogene plays a role during ontogenesis in cell and tissue differentiation, rather than solely in cell proliferation.
MATERIALS AND METHODS

Animals
Fish. Embryos and neonates were from the Iivehearing poeciliid fish Poecilia reticulata (Population Rio Helena, Mexico ), and Xiphophorus variatus (Population Rio Coy, Mexico). Adults were X variatus, X helleri (Population Rio Lancetilla, Mexico ), and Xiphophorus laboratory hybrids, all raised under standard conditions in the aquarium of the Genetisches Institut. Developmental stages were classified according to Tavolga (1949) .
Amphitna. Freshly spawned eggs of the anurans Rana temporaria and Bufo bufo were collected in waters of the surrounding of Giessen and cultivated in the laboratory at 10-15°C. Adult Xenopus laevis were purchased from a commercial dealer. Developmental stages were classified according to the stages described by Kopsch (1952) for Rana fusca.
Birds. Specific pathogen·free eggs from white Ieghorn chickens (Gallus domesticus) were obtained from Lohmann Tierzucht GmbH, Cuxhaven, FRG. In addition, specific tissues as needed were removed from young (i.e., approximately 3 months posthatching) cocks. Developmental stages were classified according to Hamburger and Rarnilton (1951) .
Preparation of DNA and RNA
Total high-molecular·weight genomic DNA from testes of Xiphophorus was prepared by phenol extraction, digested with restriction enzymes, size fractionated on 0.8% agarose gels, and transferred to nitrocellulose according to Southern (1975) . RNA was extracted from adult Xiphophorus liver according to the method of Rarding et aL (1977) . The RNA was enriched for poly(A)+ RNA by one cycle of affinity chromatography on oligothymidylic acid cellulose, run on denaturing formaldehyde/agarose gels and transferred to a hybridization membrane (Gene screen, NEN, Dreieichenhain, FRG).
Hybridization Procedures
The 600 basepair src-specific Pstl fragment of RSV-DNA clone SR-A 2 (DeLorbe et al., 1980) was nicktranslated to a specific radioactivity of 0.7 X 10 9 cpm/ /lg of DNA in the presence of [a· 32 P]dCTP (>3000 Cilmmol), and thereafter purified on a Sephadex G-50 column.
All filters were prehybridized and hybridized at 43°C in 5X SSC, 50 mM Tris-HCl (pH 7.5), 0.1% Ficoll, bovine serum albumin, and polyvinylpyrrolidone; 0.1% Na 4 P 2 0 7 , 100 J.Lg/ml of denatured calf thymus DNA, 0.1% SDS, and 40% formamide. Of nick·translated probe 7 X 10 6 cpm were applied to each filter, and the hybridization was carried out for 72 hr. RNA filters were subsequently washed in 2X SSC, 0.1% SOS at 50°C; DNA filters were washed in 1X SSC, 0.1% SDS at 68°C for at least 2 hr. The labeled RNA and DNA bands were detected by autoradiography (with intensifying screen at -70°C).
Antisera
Antisera from RSV tumor-bearing rabbits (TBRsera) were prepared by simultaneaus injection of SR-D RSV and Prague C RSV into newborn rabbits in a modification (Ziemiecki and Friis, 1980) of the procedure described by Brugge and Erikson (1977) . All antisera used in this study were shown to detect specifically the c-src kinase (see Schart! and Barnekow, 1982) .
Preparation of Gell Extracts, Immunoprecipitation, and Protein Kinase Assay
Total embryos were separated mechanically from the extraembryonie membranes and the yolk. Only freshly excised organs from embryos and adults were used for analysis. The different samples are washed twice with ice-cold phosphate-buffered saline and then mixed with 10 ml extraction buffer (10 mM sodium phosphate, 40 mM NaF, 10 mM EDTA, 1% Triton-X-100, and 5% Trasylol Bayer Leverkusen, FRG as protease inhibitor, pH 7.0) and then the mixture was homogenized in a Dounce homogenizer (15 strokes at 4°C). The homogenate is centrifuged at 20,000g for 60 min and the clarified supernatants used for immunoprecipitation experiments.
Immunoprecipitation and the protein kinase assay were performed as described recently except that 50 mM ZnCI 2 instead of 50 mM MgCI 2 was added to the kinase buft'er.
For the Ap4A experiments, various concentrations of Ap4A were added to the washed immunoprecipitates 5 min before the kinase reaction was started by the addition of 50 mM MgC1 2 and of [ ')'-32 P]ATP. For quantitation of the kinase reactions, the radioactive gel bands were cutout and solubilized, and their radioactivity determined by liquid scintillation counting. To confirm that the 32 P-labeled 53K band was indeed heavy chain IgG, aliquots of all samples were run under nonreducing conditions and the majority of the 32 P counts was detected in a high-molecular-weight band> 150K.
Protein Determination
Determination of protein concentration in the supernatant of the centrifuged cell lysates was carried out on trichloroacetic acid-precipitated aliquots according to the method of Lowry et aL (1951) .
Phosphoamino Acid Analysis
The 32 P-labeled IgG band of TBR serum-precipitated immunocomplexes of fish, frog, and chicken extracts are cut from the gel, eluted, and processed for twodimensional phosphoamino acid analysis according to the method described by Hunter and Sefton (1980) . The hydrolysates, dissolved in a mixture of pH 1.9 buffer and phosphoamino acid marker (1 mg/ml each), are resolved in two dimensions on thin-layer cellulosecoated glass plates (Merck & Co, Darmstadt, Federal Republic of Germany) by electrophoresis toward the anode at pH 1.9 for 180 min at 500 V in acetic acidformic acid (88% by vol)-H 2 0, 78:25:897 v/v followed by electrophoresis toward the anode at pH 3.5 for 100 min at 500 V in acetic acid-pyridine-H 2 0 50:5:945 v/v. The markers were detected by staining with ninhydrin.
RESULTS
c-src and Its Gene Product
The detection of sequences in cellular DNA, designated c-src, which is homologaus to the transforming gene, v-src, of RSV, is weil documented in frog, chicken, and other species (Shilo and Weinberg, 1981; Oppermann et al., 1979; Spector et al., 1978; Karess et al., 1979; Parker et aL, 1981; Gonda et aL, 1982; Shalloway et al., 1981) . In this study we report on the detection of v-src homologous sequences in the poeciliid fish Xiphophorus. Total genomic DNA, digested with restriction enzymes, contains several fragments that hybridize to a nick-translated src-specific probe (Fig.  1) . The fragments in fish differ in size and number from that in chicken. Owing to the stringency of the conditions used for the hybridization these fragments should represent the fish homologs of the c-src gene. The transcriptional product of the fish c-src gene is a 3.0 kb RNA (unpublished data), as detected by filter hybridization of liver poly(At RNA, compared to a 3.9 kb transcript in chicken (Gonda et aL, 1982; Parker et al., 1981) . The translation product, a phosphoprotein of molecular weight 60,000 , the pp6oc-src, is indistinguishable in size from that in chicken (Oppermann et aL, 1979; Collett et aL, 1979; Barnekow et aL, 1981) .
Characterization of a Tyrosine-Specijic Protein Kinase in Embryos and Adults of Fish, Frog, and Chicken
To characterize the pp6oc-src protein kinase in embryos, we took advantage of its ability to phosphorylate the heavy chain of immunoglobulin G (lgG, Mw 53,000) in immunocomplexes from TBR serum precipitated cell extracts (kinase assay, Collett and Erikson, 1978) . A total of three different sera were used throughout the experiments, all with the same results. In cell extracts from all embryos, tested so far, including fish, frogs, toads, and chicken, we could detect a kinase activity, which is reactive with pp6oc:-src antibodies.
Two-dimensional phosphoamino acid analysis of 32 Plabeled IgG of TBR serum precipitated cell extracts from fish, frog, and chicken embryos revealed that only tyrosine residues were phosphorylated. No phosphorylation of serine and threonine was observed (Fig. 2) .
A further approach to characterize the embryonie pp6oc-src was to follow the effect of Ap4A, a diadenosine nucleotide found in eukaryotic cells and believed to be associated with the regulation of cell proliferation (Rapaport and Zamecnik, 1976) on the kinase activity. Recently we have shown that the viral and the cellular pp6Wc kinase exhibits a differential sensitivity to inhibition by Ap4A (Barnekow, 1983) . Whereas the pp6ov-src kinase activity can be nearly completely inhibited by Ap4A, the pp6oc-m kinase activity is relatively insensitive to Ap4A. In this study we have found that in cell extracts from frog and fish embryos the kinase reaction proved to be resistant to Ap4A, similar to the data we obtained earlier with chicken embryos (Barnekow, 1983; Barnekow and Bauer, 1984) .
In adult fish, frog, and chicken, immunoprecipitation of brain cell extracts with TBR serum and subsequent performance of the kinase assay proved the specificity of the pp6oc-src kinase for the phosphorylation of tyrosine residues. Furthermore the relative insensitivity against Ap4A could also be observed with the kinase activity precipitated from adult chicken cell extracts or fish cell extracts.
So far, we have not detected any difference in the biochemical properties of pp6oc-src from embryos and adult animals.
Differential Expression of pp6ac-src Kinase during Ontogeny
Fish. Unfertilized and just fertilized eggs (stages 0 and 1) showed only hardly detectable kinase activity (Fig. 3a) . During the stages of organogenesis and histogenesis (stages 10 to 15), very high activities are a b
found. Beginning with stage 17 the activity of the pp6oc-src kinase decreases to one-third of this level in the later stages of embryonie development. No significant differences are seen between prehatching stages and neonates. This low Ievel of kinase activity was maintained for . at least 6 weeks following birth (Fig. 3a) .
Frog. During e,arly embryonie development, until the gastrula stage (stage 6), no significant kinase activity is detectable (Figs. 3b, 4) . Low activities are presen t during neurula (stages 7-8) and in stage 10-11 embryos. The kinase increases up to 20-fold from the hatching stage (12) to the tadpoles (stages 18-22). This increase is, however, not continously being interrupted by developmental stages displaying lower activities (Figs.  3b, 4) .
Similar experiments with toad embryos revealed the same results (data not shown).
Chicken. In embryos prior to somite development (stage 6) kinase activity is very low (Fig. 3c) . It increases about 15-fold during the next 3 days of development until late limb-bud stages (stage 24), and this increase was duplicated for a total increase of 30-fold to a maximum kinase activity at the end of organogenesis (stages 31-37). Thereafter it decreases until at the end of embryonie development it is about one-third of this maximal value (Fig. 3c) .
Organ Specijicity
Allexperiments on pp6oc-src kinase expression during embryogenesis were performed with cell extracts from the whole organism. For further analysis we were interested in determining if there is any organ specific expression of the kinase activity. The organ specificity of the pp6oc-src kinase is weil documented in fish and chicken Bauer et aL, 1982 
FIG. 2. Two dimensional thin layer electrophoresis of
32 P-labeled heavy chain of TBR-serum precipitated cell extracts. The 32 P-Jabeled heavy chai~ IgG was eluted from the gel, hydrolized, and the phosphoamino acids separated by electrophoresis at pH 1.9 in the first dimension and at pH 3.5 in the second dimension. (A) Chicken; (B) frog; (C) fish. P-ser, phosphoserin, P-thr, phosphothreonine, P-tyr, phosphotyrosine, o, origin. and Brugge, 1983; Barnekow and Bauer, 1984) . In this study we confirm these results and report on an organ specificity in frog. In every case, brain cell extracts showed the highest kinase activity ( Table 1) . Extracts from heart, liver, gonads, and skin displayed lower activities. Fish and frogs show comparable values concerning these organs but differ from chickens. Remarkably, muscle extracts from adult fish, frog, and chicken showed either no or barely detectable kinase activity, while in muscle extracts from chicken embryos the activity was nearly as high as in brain (Table 1) .
DISCUSSION
Cellular oncogenes are thought to play a role in ontogenetic and/or regeneration processes. The c-src gene appears first during phylogenesis in the sponges and is presumed to have evolved in concordance with the multicellular organization of the metazoans Barnekow and Schartl, 1984) . In this study we could show that c-src is expressed during fish, frog, and chicken embryogenesis as measured by the pp6oe-src kinase activity. The level of kinase activity is not constant during development but shows considerable variation depending upon the embryonie stage. In an attempt to compare the developmental profile of pp6oe-src between the three classes, we have made two broad assumptions: We regard the development of fish, frog, and chicken, all members of the subphylum vertebrates, as generally homologaus and we place the developmental stages of these three organisms into a common time table. As developmental Iandmarks for this comparison, we use the following characteristics: development of somites, first appearance of fin and extremity buds, end of organogenesis,· development of pharyngeal pouches and gill clefts. The time course of these processes was followed and normalized to the development of the fish Xiphopharus. By plotting the kinase activities determined in fish, frog, and chicken embryos against the so corrected time axes (Figs. 3a, b, c), one sees a striking common tendency: During early embryogenesis, when the rapid first cleavage divisions occur, and during gastrulation, when threedimensional, invasive growth of undifferentiated tissues occurs, i.e., processes resembling tumor growth, the kinase activity is low. It then increases dramatically during organogenesis in all three organisms, and decreases during late development, as determined in the fish and in the chicken. As the period of organogenesis is characterized more by cell differentiation processes than by rapid cell proliferation, one is tempted to conclude that the pp6oc-src kinase plays a role more in differentiation than in proliferation during embryogenesis. This statement appears to be Contradietory to the proposed role of the viral pp6osrc, because virus transformed cells are characterized by high proliferation rates. However, if one considers that different stages of differentiation of the same cell type are marked by a different potential for proliferation, with the most highly differentiated cells possessing the lowest proliferative potential, it can be seen that a factor that induces a shift from one stage of differentiation to another might then indirectly also have· an effect on that cells proliferative capacity (see Anders et aL, 1984) .
The activity of the pp6oc-src kinase was found to be distributed in an organ-specific manner in adult animals and embryos (see also Bauer et aL, 1981; Schartl and Barnekow, 1982) , and would also seem to imply a specific function for the kinase. It also shows that only some organ systems (in particular the nervous system and muscle) are mainly responsible for the marked increase in pp6oc-src kinase activity during organogenesis. The decrease in kinase activity in late embryonal stages is interpreted as being due to the decrease of activity in the muscle, as shown for the chicken embryo (Barnekow and Bauer, 1984) and supported by the data presented here from adult fish and frog muscle which show barely detectable kinase activity.
Embryonie cells and neoplastically transformed cells share some common features, which distinguish them from normal differentiated cells. This has led to the hypothesis that in some cases transformed cells revert to an earlier stage of differentiation ("retrodifferentiation, Uriel, 1976; Bauerand Yoshikawa, 1980) , or that they are neoplastically transformed stem cells, that have retained their embryonie character (Anders et aL, 1984) . In this context it is tempting to speculate that pp6oc-src in embryonie cells may exert a similar but transitory effect on proliferation or the maintainance of a stage of cell differentiation that is compatable with cell division, similar to the action of the viral counterpart, pp6ov-src, in transformed cells.
Increased tyrosine-specific protein kinase activity has been associated not only with neoplastic transformation of cells by avian sarcoma virus (Hunter and Sefton, 1980; Collett et aL, 1978) and other viruses (Wand et aL, 1982) , but also with the stimulation of specific cell proliferation by certain growth factors and hormones, such as epidermal growth factor (Ushiro and Cohen, 1980; Erbart et aL, 1981) , platelet-derived growth factor (Ek et aL, 1982) , and insulin (Kasuga et aL, 1982) . Interestingly, it was also found that tyrosinespecific protein kinase activity is dramatically increased during early embryonie development in the sea urehin (Dasgupta et aL, 1983) . However, the increase of kinase activity of vertebrate embryos occurs relatively much later in development than in the invertebrate sea urchin. Therefore, a systematic analysis of kinase activities in embryos of different phylogenetic descendence may hel,p to determine whether the same kinase is active in both vertebrates and invertebrates and whether the different times of increase of kinase activity reftect a general di:fference in vertebrate and invertebrate development.
If the increased pp6oc-src kinase activity in normal cells is of any biological significance, our data as weil as those published recently by Cotton and Brugge (1983) demonstrate that such an activity would not be restricted to embryonie cells and not necessarily occur concomitant with cell division. From this functional standpoint, and assuming that the main function of pp6ov-src is to induce cellular proliferation, the high Ievel of pp6oc-src kinase activity in the brains of adult animals seems difficult to understand. At this point we have no data regarding a structural or functional difference between adult and embryonie pp6oc-src kinase. However, there is ample evidence for a multifunctional and/or pleiotropic effect of pp6ov-src, which induces, for example, such diverse phenomenon as changes in carbohydrate metabolism and the cytoskeletal organization . It is possible, therefore, that in nondividing cells only one or another function of pp6fr~rc is expressed and thus the molecule plays a role'that is perhaps qualitatively different from that in transformed cells.
